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ABSTRACT 
This  r e p o r t  desc r ibes  the resul ts  of a 15-month s t u d y  aimed a t  analyzing 
the mechanical-ma t e r i a l - i n t e r a c t i o n s  respons ib le  f o r  r o l l i n g  con tac t  s p a l l i n g  
of the 440C s t e e l ,  high pressure  oxygen turbopump (HPOTP) bear ings ,  A coupled 
temperature-displacement f i n i t e  element a n a l y s i s  of the e f f e c t s  of f r i c t i o n a l  
hea t ing  under the con tac t  i s  presented.  
h e a t  genera t ing ,  2-dimensional i nden t  i n  an e l a s t i c -pe r fec t ly -p la s  t i c  half-space 
wi th  hea t  f l uxes  u p  to 8 .6  lo4 KW/m2 comparable to those generated i n  the 
bear ing .  Local temperatures in  excess  of 1000°C are t r e a t e d .  The ca l cu la t ions  
r e v e a l  h igh  l e v e l s  of r e s i d u a l  tens ion  a f t e r  the c o n t a c t  i s  unloaded and cools .  
E f f o r t s  to  promote Mode II/Mode I11 f a t i g u e  crack growth under c y c l i c  t o r s i o n  in  
hardened 440C s t e e l  a r e  descr ibed .  S p a l l s  produced on 440C s t e e l  by a 3 bal l /rod 
r o l l i n g  c o n t a c t  t e s t i n g  machine were s t u d i e d  with scanning microscopy. The 
c l a s s i c a l ,  V-shaped s p a l l s  form wi th  a loose  f l a p  that  breaks of f  p e r i o d i c a l l y .  
Surface i n i t i a t i o n  and subsurface i n i t i a t i o n  of the s p a l l s  is encountered i n  
uncoated and copper coa t e d  samples, r e spec t ive ly .  
The con tac t  i s  modelled as a s t a t i o n a r y ,  
The shapes of the c y c l i c ,  s t r e s s - s t r a i n  h y s t e r e s i s  loops  displayed by 
hardened 440C s tee l  i n  c y c l i c  t o r s ion  a t  room temperature are def ined  f o r  the 
p l a s t i c  6 t r a i n  ampli tudes encountered i n  r o l l i n g / s l i d i n g  con tac t .  The loop shapes 
and behavior a r e  wel l  represented  by the e l a s t i c - l i nea r -k inemat i c  hardening- 
p l a s t i c  (ELKP), i d e a l i z a t i o n .  F i n a l l y ,  e l a s t o - p l a s t i c  f i n i t e  element analyses  o f  
r epea ted ,  2-dimensional ro l l i ng -p lus - s l id ing  c o n t a c t  embodyfng the ELKP-properties 
of 440C is presented.  The ana lyses  t r e a t  Hertzian pressures i n  the range po 
= 2.5 GPa, t o  po = 3.64 GPa and f u l l  s l i p  wi th  a f r i c t i o n  c o e f f i c i e n t  ,, = 0.2 
i n  the absence of l o c a l  hea t ing .  The r i m  d i s t o r t i o n ,  c y c l i c  p l a s t i c  s t r a i n s ,  
r e s i d u a l  stresses,  and p l a s t i c  energy d i s s i p a t i o n  a r e  evaluated and compared 
with resul ts  for p u r e  r o l l i n g  and p e r f e c t  p l a s t i c i t y .  
iii 
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1 .  I N T R O D U C T I O N  
The se rv ice  l i f e  of the HPOTP (h igh  pressure oxygen turbopump) bear ings 
i s  l imi t ed  by premature s p a l l i n g  of the bear ing races and b a l l s .  These 
bear ings  ope ra t e  a t  28,000 rpm and nominal load of 7100 14, and a r e  intended 
t o  surv ive  f o r  27,000s w i t h  l u b r i c a t i o n  provided by MoS2 f i lms  and l i q u i d  
oxygen c o ~ l I n g ( ~ ' ~ ) .  
i n  the range 60 RW t o  130 K W ( 2 )  w i t h  inadequate l u b r i c a t i o n  and l o s s  of 
c l ea rances .  Cons is tan t  w i th  t h i s ,  evidence of bear ing  su r face  temperatures 
reaching 500°C-1000°C have been repor ted(294) .  While the pred ic ted  l i f e  of  
t h e  bear ings is 360,000s with f u l l  f i l m  l u b r i c a t i o n ,  severe  s p a l l i n g  and 
prominent wear a r e  repor ted  a f t e r  1090s a t  f u l l  power( l ) .  The s p a l l s  a re  
l a r g e l y  su r face  i n i t i a t e d ,  proceed in both b a l l s  and races, and p ropaga te  
inwards a t  r e l a t i v e l y  small a n g l e s .  Subsurface damage i n  inner  races  i s  more 
severe  than observed on the su r face .  
These condi t ions  can produce high h e a t  genera t ion  r a t e s  
E f f o r t s  to  improve the performance of the HPOTP bear ings  w i l l  b e n e f i t  
from ana lyses  of the thermal and mechanical c o n t a c t  stresses and the a t tending  
p l a s t i c  deforma t i o n  a n d  s p a l l i n g  generated under ope ra t ing  condi t i o n s  . Such 
a n a l y s e s  have been i n t r a c t i b l e  i n  the p a s t ,  b u t  are  now wi th in  reach .  The 
p resen t  au tho r s  have developed e l a s t o - p l a s  t i c  f i n i t e  element ana lyses  of 
repea ted  r o l l i n g  and s l i d i n g  c o n t a c t  embodying r e a l i s t i c  c o n s t i t u t i v e  
 relation^(^'^^). 
r o l l i n g  con tac t  s p a l l l n g  p ~ o b l e m ( l l - ~ ~ ) .  
of a 15-month s tudy aimed a t  applying these c a p a b i l i t i e s  to the HPTOP bearing 
problem. 
They have a l s o  extended f r a c t u r e  mechanics methods to  the 
This  r e p o r t  desc r ibes  the r e s u l t s  
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2 .  SUMMARY 
2 . 1  Objec t ives  
The gene ra l  ob jec t ive  of the research  was t o  analyze the mechanical- 
ma te r i a l  i n t e r a c t i o n s  respons ib le  f o r  r o l l i n g  con tac t  s p a l l i n g  with the aim 
of i d e n t i f y i n g  ways of improving the performance of 440C steel  HPOTP bear ings.  
2 .2  Tasks 
Task 1.  F r i c t i o n a l  Heating. Previous ana lyses  of the f r i c t i o n a l  heat ing 
of the HPOTP bear ing  were reviewed. A coupled temperature-displacement,  
e l a s  t i c - p l a s t i c  f i n 1  t e  element a n a l y s i s  of the e f f e c t s  of  f r i c t i o n a l  hea t ing  
under the c o n t a c t  was performed. The con tac t  is modeled as a s t a t i o n a r y ,  
h e a t  gene ra t ing ,  2-dimensional indent  i n  an e l a s t i c - p e r f e c t l y - p l a s t i c  h a l f -  
space ,  with h e a t  f l uxes  a s  high a s  8 . 6  * lo4 KW/m2 which correspond wi th  t h e  
h e a t  genera t ion  by the HPOTP bear ing ,  and a f i lm  c o e f f i c i e n t  s e l e c t e d  t o  
produce temperatures i n  excess  of 1000°C. The c a l c u l a t i o n s  r evea l  t h a t  the 
l o c a l  hea t ing  produces h igh  l e v e l s  of r e s i d u a l  tens ion:  0: 350 MPa, 
1200 MPa, a f t e r  the con tac t  i s  unloaded and cooled. The superpos i t ion  O R  : z 
of compression by the t r a n s l a t i n g  con tac t  can then produce a f l u c t u a t i n g  
tens ion  and a p o t e n t i a l  Mode I crack d r iv ing  fo rce  t h a t  can promote crack 
i n i t i a t i o n  and crack growth. 
Task 2 .  Spa11 I n i t i a t i o n  and C y c l i c  Crack Growth. E f f o r t s  have been 
made to promote Mode II/Mode 111 f a t i g u e  crack growth In t o r s i o n  test samples 
as a f i r s t  s tep i n  e v a l u a t i n g  the  Mode I1 and Mode I11 c y c l i c  crack growth 
resistance ( i . e . ,  da/dN vs  AKII curve) .  
w l  t h  c i r cumfe ren t i a l  d e f e c t s  were subjec ted  t o  c y c l i c  t o r s i o n  wi th  progressively 
inc reas ing  stress a m p l i t u d e s .  In  a l l  ca ses ,  c racks  emerging from the de fec t s  
extended i n  d i r e c t i o n s  that  produce Mode I loading.  T h i s  is a t t r i b u t e d  to  a 
Test b a r s  of the hardened 440C s t e e l  
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low Mode I r e s i s t a n c e  r e l a t i v e  t o  those f o r  Mode I1 and Mode 111 growth. 
This problem requires f u r t h e r  work. 
Spa l l s  and wear t r acks  produced wi th  a 3 ba l l / rod  r o l l i n g  contac t  
t e s t i n g  machine were s t u d i e d  with scanning microscopy. 
copper coated hardened 440C s t e e l  rods displayed the c l a s s i c a l  V-shaped 
s p a l l s .  The spa l l s  form with a loose  f l a p  t h a t  breaks off  p e r i o d i c a l l y .  I t  
appears  t h a t  the s p a l l s  i n  the uncoated samples i n i t i a t e  a t  the running 
su r face ,  a t  su r face  imperfec t ions ,  while the s p a l l s  i n  the coated samples 
i n i t i a t e  be lou  the su r face .  I t  is no t  c l e a r  whether the copper coated samples 
possessed b e t t e r  q u a l i t y  s u r f a c e s  to  begin with o r  whether the copper coat ing 
rendered the su r face  d e f e c t s  l ess  h a r m f u l .  
Both the uncoated and 
Task 3. Cycl ic  Flow P r o p e r t i e s  of 440C S t e e l .  The shapes of the c y c l i c ,  
s t r e s s - s t r a i n  h y s t e r e s i s  loops  d isp layed  by hardened, HRC-59, 440C s t e e l  i n  
c y c l i c  t o r s ion  have been measured a t  room temperature and a frequency of 0 . 5  
t iz .  The cons tan t p l a s  t i c  s t r a i n  arnpli t u d e  tes ts reproduced the s t r a i n  
a m p l i  t u d e s ,  0.0005 < < 0.002,  encountered i n  r o l l i n g / s l i d i n g  con tac t .  
The loop shapes and behavior a r e  w e l l  represented  by a 3 parameter,  e l a s t i c -  
l inear -k inemat ic  hardening-p las t ic  (ELKP) i d e a l i z a t i o n .  The to r s ion  t e s t s  
show that the hardened 440C s t e e l  undergoes s u b s t a n t i a l  c y c l i c  hardening 
before  f r a c t u r i n g  a f t e r  N : 300 t o  600 cycles. The nea r  end of l i f e  values  
of the ELKP-mater ia l  parameters of 440C steel:  OK = 606 MPa, and M = 188 
GPa, are  similar to  those obta ined  f o r  o the r  hardened bear ing  s teels  and a r e  
use fu l  approximations of the p r o p e r t i e s  t h a t  govern mechanical response to 
repea ted  r o l l i n g - s l i d i n g  c o n t a c t  a t  room temperature. 
Task 4. Elas to -P la s t i c  F i n i t e  Element Analyses of Rolling-Plus-Sliding 
Contact.  E l a s t o - p l a s t i c  f i n i t e  element an layses  of  repea ted ,  2-dimensional 
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ro l l i ng -p lus - s l id ing  con tac t  have been performed f o r  the ELKP-properties of 
440C s t e e l  eva lua ted  by Task 3. The c a l c u l a t i o n s  t rea t  r o l l i n g  w i t h  f u l l  
s l i p ,  Hertzian p res su res  i n  the range po = 2 . 5  GPA t o  po = 3.64 G P A ,  a 
tangent ia l - to-normal-force-rat io  T/N = 0.2 and a c o e f f i c i e n t  of f r i c t i o n  
P = 0.2.  The r i m  d i s t o r t i o n ,  the c y c l i c  p l a s t i c  s t r a i n s ,  the r e s i d u a l  
s t r e s s e s ,  and the p l a s t i c a l l y  d i s s i p a t e d  ene rg ie s  are eva lua ted .  The results 
show that the con tac t s  produce peak c y c l i c  s t r a i n s  and r e s i d u a l  s t r e s s e s  i n  
the range: 0.00025 I ~ 3 ) / 2  s 0.001, and -20 MPa 5 aR s -35 MPa t h a t  a r e  
s i m i l a r  to the va lues  ca l cu la t ed  f o r  p u r e  r o l l i n g  but  much smal le r  t h a n  the 
s t r a i n s  and stresses c a l c u l a t e d  f o r  ro l l i ng -p lus - s l id ing  wi th  e l a s t i c - p e r f e c t l y -  
p l a s t i c  m a t e r i a l  behavior .  The a n a l y s i s  l o c a t e s  the peak p l a s t i c  s t r a i n  
a c t i v i t y  a t  a r e l a t i v e  depth of y/w = 0.65 (2w i s  the con tac t  w i d t h )  where 
spa11 i n i t i a t i o n  has  been observed. In  the cases  treated, energy d i s s ipa t ed  
as h e a t  by p l a s t i c  deformation i s  from 3% to  15% of the energy d iss ipa ted  a t  
the su r face  by f r i c t i o n .  
3. CYCLIC FLOW PROPERTIES OF 440C STEEL 
3.1 In t roduc t ion  
There I s  evidence from many sources that rolling contact failure -- t h e  
formation of s p a l l s  and s h e l l s  -- i s  c l o s e l y  connected wi th  c y c l i c  p l a s t i c  
d e f ~ r m a t i o n ( ~ ) .  
of the Her tz ian  r e l a t i v e  peak con tac t  pressure beyond which repeated con tac t s  
Such f a i l u r e s  begin t o  occur c lose  t o  the "shakedown" value 
produce cont inuing  c y c l i c  p l a s t i c i t y * .  The material' 8 r e s i s t a n c e  to c y c l i c  
*The shakedown va lue  of the r e l a t i v e  peak p res su re ,  po/k (where k is the 
shea r  y e i l d  s t r e n g t h )  depends on t h e  shape of the con tac t  e l l i p s e  and the 
normal-force- to-shear- t ract ion-rat io  P/N. For pure r o l l i n g ,  the shakedown 
va lues  are po/k  = 4 and po/k = 4.7 €or l i n e  and circular c o n t a c t s  respec- 
t i v e l y .  For r o l l i n g  w i t h  f u l l  s l i d i n g  w i t h  a f r i c t i o n  c o e f f i c i e n t  9 = 0 . 2  
= T/N, po/k = 3.2 for l i n e  c o n t a c t s ,  o r  po 5 1 .9  GPa f o r  a bear ing  s t e e l  
( k  : 600 MPa). 
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p l a s t i c i t y  i s  ther  f r e  on of vera1 r i t i c a l  mater ia l  p r  r t i e s  t ha t  
determine the rim's c o n t a c t  pressure capac i ty  and l i f e * .  
The r e s i s t a n c e  t o  c y c l i c  flow i s  determined by both the va lue  O f  k and 
the c h a r a c t e r i s t i c s  of the m a t e r i a l ' s  s t r e s s - s t r a i n  h y s t e r e s i s  
Earlier ana lyses  of the c y c l i c  deformation of the rim were performed f o r  the 
i s o t r o p i c ,  e l a s t i c - p e r f e c t l y - p l a s t i c  (EPP) material b e h a ~ i O r ( ~ 9 ~ )  i l l u s t r a t e d  
i n  Figure 1 ( A ) .  In  t h i s  case ,  material subjec ted  t o  repeated Contacts  above 
shakedown exper iences  the non-fully-reversed s t r a i n  cycle shown schema t i c a l l y  
i n  Figure 1(B).  
have measured the hysteresis loops of 42100 bear ing  s t ee l  and a 1073 r a i l  
s t e e l  for the  range of p l a s t i c  s t r a i n  a m p l i t u d e s  encountered i n  r o l l i n g  
contact  above shakedown. They find that  the cyclic behavior of these s t e e l s  
i s  anyth ing  b u t  e las  t i c - p e r f e c t l y - p l a s t i c  bu t  tends to be k inemat i c ( lO) .  
They employ the b i l i n e a r ,  3 parameter,  e las t ic- l inear-kinema t i c  hardening 
p l a s t i c  (ELKP) r e p r e s e n t a t i o n  of the hysteresis loop shown i n  Figure 2 .  
F i n i t e  element c a l c u l a t i o n s  r e v e a l  t h a t  the ELKP material experiences f u l l y  
reversed  s t r a i n  cycles wi th  a mean stress above shakedown [ s e e  Figure l ( C ) ]  
w i t h  much smal le r  s t r a i n  ampli tudes.  
More r e c e n t l y ,  Bhargava, Hahn and Rubin and t h e i r  c o ~ o r k e r s ( 6 , ~ )  
The c h a r a c t e r i s t i c s  of the h y s t e r e s i s  loop of hardened 440C s t e e l  have 
n o t  prev ious ly  been measured. 
r e l e v a n t  t o  r o l l i n g  c o n t a c t  a t  room temperature are descr ibed  i n  t h i s  s ec t ion .  
The measurements de f ine  the  ELKP-parameters of 440C steel .  E la s to -p la s t i c  
f i n i t e  element ana lyses  of r o l l i n g  and s l i d i n g ,  that employ these parameters,  
a r e  descr ibed  i n  Sec t ion  6 .  
Such measurements f o r  the  s t r a i n  amplitudes 
*The o t h e r  p r o p e r t i e s  that a r e  important are the features of second phase 
p a r t i c l e s  t h a t  a c t  a s  l o c a l  s t r e s s  r a i s e r s ,  t he  s t a b i l i t y  of the micro- 
structure,  and the r e s i s t a n c e  t o  crack i n i t i a t i o n  
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Figure 2 .  
(ELKP) hys teres i s  loop, ind ica t ing  the terminology. 
Schema t i c  representation of an elastic-linear-kinema t ic -plas  t i c  
. .- ~. . -8- 
3 . 2  Experimental Procedures 
Cycl ic  t o r s i o n  t e s t s  have been conducted on type  440C s t e e l  which i s  a 
hardenable grade of m a r t e n s i t i c  s t a i n l e s s  s tee l  conta in ing  about  1% C and 
18% Cr. 
After  machining, the specimens were given the fol lowing hea t  treatment:  
a .  Aus ten i t ize  f o r  1 hour a t  1930OF. 
b. Quench i n  l i q u i d  n i t rogen .  
c. Temper a t  325OF f o r  1 hour. 
d .  A i r  cool  a t  70°F. 
e .  Cold soak i n  l i q u i d  n i t rogen  f o r  30 min. 
f .  Temper a t  325OF for 1 hour. 
This  produced a hardness  of HRC-59. Typical  mic ros t ruc tu re  of the s t e e l  
a f t e r  hea t  t rea tment  i s  shown i n  Figures 3 and 4. The monotonic, equiva len t  
s t r e s s -equ iva len t  s t r a i n  curve der ived from a to r s ion  tes t  is shown in Figure 
5. The monotonic y i e l d  s t ress  values  of the ma te r i a l  are:  
O f f s e t ,  % Equivalent Tens i le  Y i e l d  S t r e s s ,  MPA ( k s i )  
0.02 1200 (174) 
0 . 2  1760 (255) 
Torsion Tes t ing .  Cycl ic  t o r s ion  tes ts  were c a r r i e d  ou t  on hollow, 
c y l i n d r i c a l  specimens. The specimen dimensions, a s  shown i n  F igures  6 ( a )  and 
6 ( b ) ,  are  n o t  a l tered by the c y c l i c  deformation. The tests were carried out  a t  
room temperature wi th  a frequency f = 0.5 Hz on a n  ax ia l - to r s ion ,  servohydraulic 
t e s t i n g  machine. 
c o n t r o l l e d  and manually ad jus t ed  t o  maintain the des i r ed  cons tan t  
p l a s t i c  s t r a i n  ampl i tudes .  I t  was f r equen t ly  d i f f i c u l t  t o  c o n t r o l  s t r a i n  
amplitude a c c u r a t e l y  during the f i r s t  N = 25 cyc le s  because of the rapid c y c l i c  
hardening,  bu t  i t  presented no problems during the subsequent c y c l i c  l i f e .  
The stress a m p l i  tude and mean stress were automa t i c a l l y  
-9- 
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Figure 3. Microstruchre  of  440C Steel  af ter  heat-treatment. 
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figure 4.  Microstructure of 440C steel showing some i n C l U S i O n s .  
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Figure 5 .  Monotonic equivalent s t res s - s t ra in  curve for  440C showing 0.027; 
o f f s e t .  The curve i s  derived from a torsion t e s t .  
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Figure 6 .  
and a f t e r  the t e s t .  
(a) Torsion t e s t  specimen dimensions. (b) Specimen geometry before 
- 1 3 -  
The f i r s t  c y c l e  was recorded w i t h  manual l o a d  c o n t r o l  a t  about f=  0.1 Hz t o  
de f i ne  t h e  e l a s t i c  l o a d i n g  (and un load ing )  l i n e .  Subsequent c y c l e s  were 
Derformed a t  f =  0.5 Hz, and t h e  t o r q u e - r o t a t i o n  l o o p  was recorded w i t h  a d a t a  
a c q u i s i t i o n  computer. The computer f i r s t  i n s t a l l s  t h e  e l a s t i c  shear s t r e s s -  
s t r a i n  l i n e s .  It then  c o n v e r t s  400 separate s e t s  of  t o r q u e  and r o t a t i o n  va lues 
i n  each c y c l e  t o  shear s t r e s s - s t r a i n  va lues c o n s i s t e n t  w i t h  an e l a s t i c  s lope  
o f  G = 79.6 GPa; and p l o t s  t h e  l o o p  (see F i g u r e  7 ) .  The system then  determines 
t h e  0.035% shear s t r a i n  o f f s e t  (0.02% e q u i v a l e n t  s t r a i n  o f f s e t ) ,  shear y i e l d  
s t r e n g t h  ( h o r i z o n t a l  marks) and o t h e r  2 ELKP parameters desc r ibed  i n  F i g u r e  2, 
and their tensile equivalents : 
( i )  kK and CK = 4 3 k ~ ,  t h e  k inemat i c  shear and t e n s i o n  y i e l d  s t r e n g t h ,  and 
M, and M = 3 M,, t h e  p l a s t i c  shear and t e n s i o n  modulus ( l i n e a r  ( i i )  
s t r a i n  ha rden ing  c o e f f i c i e n t s ) .  
Two a l t e r n a t i v e  ways o f  d e f i n i n p  t h e  parameters:  uK(l), ?l1 and U K ( 2 ) ,  M2, 
i l l u s t r a t e d  i n  F i g u r e  2, were examined. I n  a d d i t i o n  t h e  system a u t o m a t i c a l l y  
computes U, t h e  l o o p  area,  which rep resen ts  t h e  p l a s t i c  work p e r  u n i t  volume 
and corresponds c l o s e l y  w i t h  heat  e v o l u t i o n .  The va lues o f  U a re  compared w i t h  
U' = Zc?%,the area o f  t h e  ELKP-loop. 
3.3 R e s u l t s  
Examples of t h e  h y s t e r e s i s  l oops  d i s p l a y e d  by t h e  440C s t e e l  samples 
a r e  reproduced i n  F i g u r e  8. A f t e r  t h e  f i r s t  few s t r a i n c y c l e s  t h e  depar tures 
f rom l i n e a r  e l a s t i c  behav io r  a r e  observed a t  v e r y  modest s t resses.  The 
* A more accu ra te  a n a l y s i s  o f  t h e  t o r q u e - r o t a t i o n  va lues t h a t  accounts f o r  t h e  
p l a s t i c  c o n t r i b u t i o n  of  t h e  f i l l e t  r e g i o n s  was dev i sed  a f t e r  t h i s  work was 
completed. Th is  a n a l y s i s  l e a d s  t o - 5 0 %  l a r g e r  p l a s t i c  s t r a i n  range values 
a n d ~ 2 0 %  lower s t r e s s  va lues and--% lower  M-values than  r e p o r t e d  here. The 
r e v i s e d  r e s u l t s  w i l l  be presented i n  a paper c u r r e n t l y  i n  p r e p a r a t i o n .  
-14- 
Figure 7 .  
rea l  440C s tress -s  train loop indicat ing  the terminology. 
An e l a s  tic-linear-kinema tic-hardening-plas t i c  represents tion of a 
-15- 
s 
4 
P + 
tn 
I 
4 
W 
I 
tn 
a 
X Q J  
DDC 
n -  
K ? i  
-16- 
tt 
C 
0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0  0 0  
~ N O C D L O - c m  
I I 
Ln 
N 
- K  
c *- 
i c  
K C  
w x c  
L c -  
w 3  
ensuing non-linear p l a s t i c  deformation i s  accompanied by rap id  hardening. The 
depar ture  from e l a s t i c  deformation occurs  a t  nega t ive  s t r e s s e s  f o r  the ~ t ?  = 
0.002 s t r a i n  range and f o r  the L Z P  = 0.001 s t r a i n  range sample with a 200 MPa 
mean stress; i . e . ,  p l a s t i c  compression i s  obtained even before the stress 
r e v e r s a l  while the s t r e s s  i s  t e n s i l e  [ s e e  Figure 8 ( b ) ] .  The n o n r e v e r s i b i l i t y  
of the s t r a i n  cycle  produced by the  200 MPa mean stress r ap id ly  decays ( see  
Figure 9 ) .  A l l  of these f e a t u r e s  are symptomatic of the  kinematic hardening 
behavior.  Figure 10 i l l u s t r a t e s  that  the loop a r e a s  def ined by the  2 ELKP- 
i d e a l i z a t i o n s  agree  very well with the a c t u a l  loop a r e a s  f o r  small values  of 
s t r a i n  range. The c ~ ( 2 ) ,  M2 c h a r a c t e r i z a t i o n  appears  to be s l i g h t l y  b e t t e r  
a t  the h ighes t  s t r a i n .  
The v a r i a t i o n  of the l o o p  parameters OK, o c ,  o a  and M are shown i n  
F igures  11-13. The samples d i s p l a y e d  n o t i c e a b l e  c y c l i c  hardening throughout 
t h e i r  r e l a t i v e l y  modest l i v e s :  300 cyc le s  5 N 5 600 cyc le s .  Both c C ,  C K  and 
ca i nc rease  w i t h  N ,  whi le  the  p l a s t i c  modulus remains more o r  less  constant .  
Consequently, the s teady s t a t e  i s  n o t  w e l l  def ined by these measurements. 
The near  end of l i f e  va lues  summarized i n  Table 1 come c l o s e s t  to  descr ibing 
the ELKP p r o p e r t i e s  f o r  even l a r g e r  numbers of con tac t s .  The v a r i a t i o n  of 
the c y c l i c  l i f e  w i t h  s t r a i n  amplitude i s  presented l o g a r i t h m i c a l l y  i n  Figure 
14 and i s  approximated by the fol lowing Coffin-Manson type express ion  
where A = 0.52 and n = -0.853. F igure  15 I l l u s t r a t e s  that  the ELKP 
parameters O K  and M are  r e l a t i v e l y  i n s e n s i t i v e  to v a r i a t i o n s  of s t r a i n  
amplitude and mean s t r e s s ,  while the convent ional  y i e l d  parameter measured 
from zero  s t ress ,  cc, i s  a s e n s i t i v e  func t ion  of these v a r i a b l e s .  
’-‘ 
: -  . ,  - 
P 
t -  
4 7  - I .t- 
- 2 . 3 -  
\ 
\ T  
i
\ 
\ 
\ 
\ ” \  
? 
\ *-I I 
Figure 9 .  
(wi th  an imposed mean s t r e s s  of 200 MPa i n  shear) .  
The exponential decay of non-revers ib i l i ty  with number of cyc le s  
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O a ,  w i t h  number of cycles. 
Var i a t ion  of c y c l i c  yield s t r e s s ,  uoc (0.02%) and stress ampli tude,  
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Figure 1 2 .  Variation of kinematic y i e l d  parameter, Qkl with number of c y c l e s .  
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V a r i a t i o n  of t he  p l a s t i c  modulus parameters, M1 and M2,  w i t h  
- 2 3 -  
OI 
m 
m 
4 
c? 
9 
2 
0 
U c. 
4 
N 
cc! 
0 
4 
0 
c? 
4 
4 
U 
N 
m 
0 
0 m 
a3 
0 
9 
0 
m 
0 
0 
0 
0 
yc n 
N 
c 
r- 
4 
O! 
N 
h 
w 
ir, 
0 
0 
hl 
N 
h 
U 
U 
02 
U 
U 
I 
0 m 
N 
In 
0 
m 
0 
N 
0 
C 
9 
B 
-24-  
c - L.  E.?; \ I I 1 
\ 
\ 
\ 
\ 
\ D 
\ 
\ 
\ 
\ -  
\ I  
Figure 1 4 .  Variation o f  plastic strain range w i t h  number o f  cycles t o  failure. 
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4 .  CYCLIC CRACK GROWTH 
4 . 1  In t roduc t ion  
There is evidence that  c y c l i c  crack growth proceeds more slowly i n  a rim 
As a r e s u l t ,  the subjec ted  to r o l l i n g  con tac t  than i n  o ther  s t r u c t u r e s . * ( l l )  
l a r g e s t  p a r t  of the l i f e  of the rim can reside i n  the c rack  growth s t age .  
For example, Shao e t  a1 . (12 )  observed crack i n i t i a t i o n  i n  a case hardened rim 
a f t e r  N = 1 . 4  lo6  con tac t s .  
proceeded i n  the i n t e r v a l  1.4 lo6  c o n t a c t s  s N s 3.9 106 c o n t a c t s ,  and 
occupied 64% of the l i f e .  I n  order  to b e t t e r  understand crack growth under 
the c o n t a c t ,  e f f o r t s  a r e  being made to  apply f r a c t u r e  mechanics to t h i s  
problem. This  involves :  
In t h i s  case, crack growth (and spa11 formation)  
( i )  Ca lcu la t ion  of the Mode I1 and Mode 111 c y c l i c  crack growth d r i v i n g  
f o r c e ,  L K I I  and LKIII(13-15), 
( i i)  Measurement o f  the Mode 11 and Mode 111 c y c l i c  crack growth 
r e s i s t a n c e ;  the da/dN-AIiII and da/dN-AKIII curves f o r  the m a t e r i a l .  
I n  the absence of  these p r o p e r t i e s ,  the Mode I ,  da/dN-AKI curve 
has  been employed a s  a f i r s t  approximat ion( l l ) .  
The measurements descr ibed i n  t h i s  s e c t i o n  were undertaken i n  a n  effort 
t o  e v a l u a t e  the da/dN-AKII and -AKIII curves f o r  440C s t e e l  a t  room temperature. 
4 . 2  Experimental  Procedure 
Crack growth tests were performed w i t h  c y c l i c  t o r s i o n  loading and the 
same hollow to r s ion  samples descr ibed i n  Sec t ion  3 ( s e e  Figure 6 ) .  
au thor s  have previous ly  produced s t a b l e  crack growth and f a t i g u e  s t r i a t i o n s  
The 
*The compressive n a t u r e  of the loading  and f r i c t i o n  a t  the crack faces  
r e s t r i c t  the c rack  face  s l i d i n g  t h a t  is repons ib le  f o r  c rack  growth. 
-27 -  
in HRC 4140 s t e e l  samples o f  t h i s  design sub jec t  to c y c l i c  loading ( see  
Figure 16 ) .  In  order  to reduce the s t r e s s  and time f o r  i n i t i a t i o n ,  f i r s t  a 
s i n g l e  microhardness impression and then a c l u s t e r  of impressions were placed 
on the sur face  to a c t  as  s t r e s s  r a i s e r s .  These specimens were subjec ted  to 
l a rge  numbers of s t r e s s  cyc le s  wi th  progress ive ly  Increas ing  ampli tudes and 
even tua l ly  f r a c t u r e d ,  bu t  without  s igns  of s t a b l e  c y c l i c  crack growth. 
provide a more poten t  s t ress  r a i s e r ,  the sample was f i t t e d  wi th  a c i r cumfe ren t i a l ,  
3 mm-long, 0.5 mm deep crack- l ike  s l i t  introduced by spark machining. The 
specimen was subjected t o  c y c l i c  t o r s i o n  with progress ive ly  inc reas ing  shear 
s t r e s s  ampli tudes ( s e e  Table 2 ) .  
To 
4 . 3  Resu l t s  
The specimen f r a c t u r e d  suddenly w i t h  no obvious signs of c y c l i c  crack 
growth a t  an a p p l i e d  torque a m p l i t u d e  of 0.24 kN-m (2.12 kip- in)  and shear 
stress amplitude of A 7 1 2  = 292 MPa. 
t o  the specimen a x i s  ( see  Figure 17). Apparently,  the crack p re fe r r ed  t o  
grow i n  Mode I r a t h e r  than in Mode 11 or Mode 111. Fractographs in  Figures 
18-21, show s i g n s  of c y c l i c  growth i n  Mode I. 
Crack ex tens ion  proceeded a t  about 45O 
Figure 18 shows the edge of the notch from which the f a t i g u e  crack 
s ta r ted  a t  4 5 O  to  the plane of the notch ,  The r eg ions  A ,  B and C i d e n t i f i e d  
in Figure  18 a r e  magnified and shown i n  F igures  1 9 ,  20 and 21 r e spec t ive ly .  
Regions A and B show the  t y p i c a l  f a t i g u e  markings which gradual ly  change to  a 
d u c t i l e  mode away from the edge of the notch,  as shown by the  region C. 
-28- 
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TABLE 2 
CYCLIC TORSION TEST DATA ON 440C STEEL 
HOLLOW CYLINDRICAL TORSION SPECIMEN 
A p p l i e d  T o r q u e  S h e a r  S t r e s s  E s t i m a t e d  A p p l i e d  Number of Cycles 
Ampli t u d e ,  T / 2  Ampl i  t u d e ,  A T  / 2  S t r e s s  In tens i ty  
(kN-m) ( MPa ) ( MPa dm) 
0.06 
0.09 
0.12 
0.15 
0.18 
0 . 2 1  
0.24 
73 
110 
146 
183 
2 19 
25 6 
292 
10 
15 
20 
25 
30 
35 
40 
25,000 
25,000 
10,000 
5,000 
5,000 
5,000 
1,526 
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Figure 1 7 .  
specimen fractured. 
are  presented i n  Figures 18 through 21 .  
Schematic view of prenotched torsion specimen j u s t  a f t e r  the 
Fractographs of regions A ,  B ,  C and D Identif led here 
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5. ROLLING CONTACT STUDIES 
5.1 In t roduct ion  
Spa l l s  a r e  i n i t i a t e d  i n  p l a s t i c a l l y  deforming por t ions  of t h e  rim, 
usua l ly  with the involvement of second phase p a r t i c l e s  or i nc lus ions .  This  
occurs wi th in  a few micrometers of the running su r face  in  the presence of 
su r face  t r a c t i o n s ( 1 6 )  ( ro l l i ng -p lus - s l id ing )  or a t  much l a r g e r  depths ,  e .g . ,  
0 . 6 ~  corresponding wi th  peak c y c l i c  s t r a i n  a c t i v i t y ,  f o r  well l ub r i ca t ed  
r ~ l l i n g ( ~ ~ * ~ ~ ) .  
the running su r face  i n  the e a r l y  l i f e ( 1 2 , 1 6 )  o r  p a r a l l e l  t o  the sur face  
( s h e l l i n g )  i n  the presence of high c i r cumfe ren t i a l  r e s i d u a l  stresses t h a t  
retard r a d i a l  crack growth(17) .  
in 440C HTOP bear ings  under l a b o r a t o r y  condi t ions  w i t h  large a x i a l  loads 
i n i t i a t e  wi th in  about  2 pm of the running su r face  with i n c l i n a t i o n s  of from 
The a s - i n i t i a t e d  c racks  can be i n c l i n e d  from 20° to  300 t o  
The cracks observed by B h a t  and Dolan( l ,2 )  
loo to 25O. They a r e  s i m i l a r  in appearance to  the near  su r face  cracks 
observed by Soda and Yamamoto in 1045 s teel  cy l inde r s  t r ansmi t t i ng  shear  
t r a c t i o n s ( 1 6 ) .  
the su r face  con t r ibu te  to the s p a l l i n g  obtained by B h a t  a n d  Dolan. In  
a d d i t i o n ,  high su r face  tempera tures ,  thermal s tresses and a t t end ing  s t ress  
f l u c t u a t i o n s  may a l s o  be important in  the HPOTP environment. 
I t  appears  t h a t  poor l u b r i c a t i o n  and p l a s t i c  deformation of 
This sec t ion  desc r ibes  d i r e c t  observa t ions  of damaged 440C s t e e l  rims. 
The work was undertaken t o  l e a r n  more about  the mechanisms of s p a l l i n g  of 
440C steel  under d i f f e r e n t  condi t ions .  
5.2  Experimental Procedure 
Spal l s  produced by R .  Thom of the NASA-MSFC on c y l i n d r i c a l  440C specimens 
i n  the 3-ball-rod r o l l i n g  c o n t a c t  f a t i g u e  tes ter  have been examined i n  the 
scanning e l e c t r o n  microscope. The specimen geometry, a n d  the design and 
- 3 4 -  
opera t i on  of t h i s  r o l l i n g  machine have been descr ibed e l sewhere(47) .  
of s p a l l s  were examined. 
Two s e t s  
The f i r s t  set  was observed on a 440C t e s t  cy l inde r  subjected t o  lub r i ca t ed  
r o l l i n g  con tac t s  a t  a peak Hertzian pressure  of 4.04 GPa ( 5 8 6  k s i ) ,  us ing 
roughened ba l l s .  
and lo7 cycles .  
w i t h  copper to  a th ickness  of about  0 . 5  pm. T h i s  specimen was tested a t  two 
c o n t a c t  stress l e v e l s :  4.04 GPa and 5 . 4 2  GPa. While no  f a i l u r e s  were observed 
f o r  the t es t s  c a r r i e d  o u t  a t  a s t r e s s  l e v e l  of 4.04 GPa, the l i f e  var ied  between 
3 9 ~ 1 0 ~  and 6 5 ~ 1 0 ~  f o r t h e  t es t s  a t  5.42 GPa. 
coa t ing  improved the l i f e  s i g n i f i c a n t l y .  I n  a d d i t i o n ,  observa t ions  were made 
of wear t r acks  on l a r g e r  440C cy l inde r s  sub jec t  to ro l l i ng -p lus - s l id ing  
d e f o r m  t ion  experiments produced with the Vanderbi l t  r o l l i n g  con tac t  machine. 
The r o l l i n g  machine is of the c a n t i l e v e r  type and is designed to  produce 
r o l l i n g ,  s l i d i n g  and combinations of r o l l i n g  and s l i d i n g  under d i f f e r e n t  
c o n t a c t  loads .  Both l i n e  c o n t a c t  (2-D)  and po in t  c o n t a c t  (3-D) can be 
s imulated depending on the geometries of the t e s t  specimen and the contac t ing  
r o l l e r .  The design and the opera t ion  of the machine are descr ibed  i n  re ference  
48. The con tac t ing  r o l l e r  i s  made of h e a t  t r ea t ed  52100 bear ing s t e e l  (HRC 
6 2 . 5 )  and possesses  a double curva ture  r a d i i  of 51 mm and 18.26 m m ,  such t h a t  i t  
produces a c i r c u l a r  con tac t  patch when i n  con tac t  w i th  a c y l i n d r i c a l  r a d i u s  of 
57 mm. The 440C tes t  c y l i n d e r s  were 57 mm i n  diameter and 25 mm wide. A 
c o n t a c t  fo rce  of 2344 N was a p p l i e d  dur ing  the  t e s t ,  which conver t s  to a 
Hertz ian  p res su re  of 2600 MPa and a r e l a t i v e  peak pressure:  po/kk of 4 . 2 .  
tests were conducted a t  t h i s  c o n t a c t  pressure  of 2600 MPa and a r e l a t i v e  
s l i p  of 2 Z .  T o t a l  number of con tac t s  for the  two tes ts  was 15,500,  each 
under f u l l y  l u b r i c a t e d  and unlubr ica ted  cond i t ions ,  r e s p e c t i v e l y .  Surface 
The number of con tac t s  to  f a i lu re  var ied  between lo6  cycles  
The second s e t  was observed on a tes t  cy l inde r  ion  p l a t e d  
Thus, the ion p la t ed  copper 
Two 
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damage a f t e r  the unlubr ica ted  t e s t  was very severe ,  while there  was very 
l i t t l e  damage a f t e r  the l u b r i c a t e d  tes t .  A photomicrograph of the specimen 
a f t e r  the unlubr ica ted  t e s t  is shown i n  Figure 22(A) .  A magnified veiw of 
the wear t r ack  I s  shown i n  Figure 22(B) ,  which shows microcracks on the 
su r face  that  may even tua l ly  lead  t o  a s p a l l .  
5 . 2  R e s u l t s  
Both the uncoated and copper coated 440C samples displayed c l a s s i c a l ,  V- 
shaped s p a l l s  t h a t  probably o r i g i n a t e  near  the  su r face  c l o s e  t o  the  V-apex 
( s e e  Figures  23-29) .  The dimensions of the s p a l l s  are t y p i c a l l y :  0 . 3  mm - 
0 . 6  mm i n  the r o l l i n g  d i r e c t i o n  and 0 . 6  mm t ransverse  to  the r o l l i n g  d i r e c t i o n ,  
wi th  the l a t t e r  corresponding t o  2U, the diameter  of the e l l i p t i c a l  contact* 
and wear t rack .  The depths  of t h e  s p a l l  c r a t e r s  were n o t  determined b u t  
appear  t o  be a small f r a c t i o n  of the o the r  dimensions. The s p a l l s  d i sp lay  
the fol lowing f e a t u r e s ,  which are  shown schemat ica l ly  I n  Figure 2 3 .  
( i )  The V-apex [see Figure 2 3 ( A ) ]  p o i n t s  i n  the r o l l i n g  
( forward ) d i  re c t ion .  
( i i )  The cracks  grow l a t e r a l l y  and c i r cumfe ren t i a l ly  on a sur face  
making a small ang le  to  the  running su r face .  Thus  the cracks 
grow deeper as  i t  extends i n  the d i r e c t i o n  oppos i te  t o  the 
r o l l i n g  d i r e c t i o n .  
( i i i )  A t  an e a r l y  s t age ,  the crack breaks through to  the su r face  
a t  the shal low end, producing a can t i l eve red  f l a p  supported 
*The fol lowing a re  the dimensions of the Her tz ian  con tac t  e l l i p s e  produced 
i n  the 3 b a l l l r o d  t e s t e r ,  where 2U and 2w are  the diameters of the e l l i p s e  
i n  the t ransverse  and r o l l i n g  d i r e c t i o n  r e spec t ive ly :  
Po , GPa 2 u , m  2 w , m m  
4.04 0 . 6  0 . 3 4  
5 . 4 2  0.8 0 . 4 6  
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SURFACE 
INITIATED Z-Z 
SUBSURFACE 
IN/ TIA TED 2-2 
Figure 23 .  
surface of the wear track; ( B )  longitudinal s ec t ion  2-2 of the wear track 
i l l u s t r a t i n g  a surface i n i t i a t e d  s p a l l ;  and (C) a s imi lar  sec t ion  i l l u s t r a t i n g  
a subsurface i n i t i a t e d  s p a l l .  A cantilevered f l a p  on the "deeper" side is 
i d e n t i f i e d  a s  region 1 i n  (B) and (C). 
Schematic diagram of a V-shaped s p a l l :  ( A )  V-shaped apex on the 
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by unbroken ma te r i a l  on the "deeper" s i d e .  Such a f l a p  w i l l  e x i s t  
from the very beginning for cracks  i n i t i a t i n g  a t  the sur face  [ s e e  
Figure 2 4 ( A ) ) .  
( i v )  Por t ions  of the f l a p  behind the crack f r o n t  break o f f  pe r iod ica l ly  
producing wear fragments.  
unsupported f l a p  forms and breaks o f f  behind the growing crack.  
Addit ional  fragments are  produced as  more 
The loose  f l a p s  or f l a p  s t u b s  a t  the  deeper end of the s p a l l  are ev ident  
i n  v i r t u a l l y  a l l  of t h e  s p a l l s  of the uncoated and coated specimens ( see  Figures 
24(A), 24(B), 25(A),  28 and 2 9 ) .  Two d i f f e rences  a r e  no t i ceab le .  The s p a l l  
su r f aces  of the uncoated samples a r e  f l a t  and continuous (though not  necessa r i ly  
smooth) a t  t he  V-apex where they reach the sur face .  Other su r face  imperfect ions 
a re  f r equen t ly  v i s i b l e  near  t h i s  l o c a t i o n .  In  c o n t r a s t  the s p a l l s  of t h e  
coated samples a r e  discont inuous c lose  to the apex, r e v e a l i n g  undercut t ing ,  
i . e . ,  a f l a p  s t u b .  In  these c a s e s ,  sur face  defects were not  i n  evidence near 
the s p a l l  apex. The impl i ca t ion  i s  t h a t  the s p a l l s  i n  the  uncoated samples 
In1  t i a  te a t  the running s u r f a c e ,  a t  sur face  imperfect ions while the s p a l l s  i n  
the coated samples i n i t i a t e  below the su r face  and tend to  grow p a r a l l e l  to  
the r i m  a s  they approach the running sur face .  
Scanning e l e c t r o n  micrographs of the running su r face  produced by lub r i ca t ed  
and unlubr ica ted  r o l l i n g  and s l i d i n g  a re  reproduced i n  F igures  30 and 31. The 
s u r f a c e  of the specimens was a r t i f i c a l l y  damaged by means of Rockwell C hardness 
impressions.  Figure 30 shows a hardness  impression af ter  the  lub r i ca t ed  tes t .  
I n  the case of the  unlubr ica ted  tes t  (N = 15,500), the  su r face  damage was very 
severe  and the "ploughing" was deep enough to  completely erase the hardness 
impressions.  A s  shown i n  Figure 31, the  wear t r ack  on the specimen a f t e r  the 
unlubr ica  ted t e s t  show e a r l y  s igns  of "V-shaped" features which could eventua l ly  
l e a d  to  the formation of f l a k e s .  
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Figure 30. 
impression (N = 15,000). 
Wear track after the lubricated test showing the hardness 
U m c  
a 0  
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6 .  ELASTO-PLASTIC FINITE ELEYENT ANALYSES OF ROLLING-PLUS-SLIDING 
6.1 In t roduct ion  
In the p a s t ,  e l a s t o - p l a s t i c  ana lyses  of repeated r o l l i n g  and r o l l i n g -  
p lus - s l id ing  con tac t  have been confined to  i s o t r o p i c ,  e l a s t i c - p e r f e c t l y -  
p las  t i c  (EPP) m a t e r i a l  behavior .  Furthermore,  the ana lyses  were e i t h e r  
l i m i t e d  t o  shakedown or n o t  r e l i a b l e . *  As a resul t ,  such f e a t u r e s  of the 
Contact as the magnitude of the c y c l i c  s t r a i n  a m p l i t u d e s  and r e s i d u a l  s t r e s s e s  
and t h e i r  v a r i a t i o n  wi th  depth remain l l l -de f ined .  Recent ly ,  Bhargava, Hahn 
and K ~ b i n ( l ~ , ~ ~ )  have devised a f i n i t e  element model of repeated r o l l i n g  
c o n t a c t  t h a t  i s  f r e e  of a r b i t r a r y  assumptions.  The model can t rea t  EPP, 
i s o t r o p i c  hardening and elastic-linear-kinemtic-hardening-plastic (ELKP) 
9 7). I t  can s imula te  p u r e  r ~ l l i n g ( ~ , ~  9 19) as  well a s  ro l l ing-p lus-  
s l l d i n g ( 6 , 2 0 )  a n d  2 - ~ ( 6 , 7 , 1 9 * 2 0 )  and 3-D c o n t a c t s ( * l ) .  The results of such 
c a l c u l a t i o n s  r e v e a l  that  the s t r a i n  a m p l i t u d e s  and r e s i d u a l  s t r e s s e s  a r e  
markedly a f f e c t e d  when ELKP-behavior i s  s u b s t i t u t e d  f o r  p e r f e c t  
F i n i t e  element ana lyses  of repea ted ,  2-D p u r e  r o l l i n g  c o n t a c t  have been 
c a r r i e d  o u t  f o r  high s t r e n g t h  bear ing  s tee l  wi th  ELKP-material behavior and 
This  s e c t i o n  desc r ibes  i n i t i a l  e f f o r t s  to  extend the ELKP 
calcula t i ons  to repeated ro l l i ng -p lus - s l id ing  wi th  m a t e r i a l s  parameters 
appropr i a t e  f o r  the 440C steel .  
6 .2  Analy t i ca l  Procedure 
The f i n i t e  element mesh employed i s  shown In F igure  32. It c o n s i s t s  of 
288, 8 a o d e d ,  i soparamet r ic  plane s t r a i n  elements and is roughly 16 w long 
*The c l a s s i c a l  ana lyses  of Merwin and Johnson(8) and Johnson and Jef f e r l s ( 9 )  
do n o t  enforce  equi l ibr ium o r  c o n t i n u i t y  d i r e c t l y  and r e q u i r e  the a r b i t r a r y  
and over-constraining assumption t h a t  the t o t a l  s t r a i n  (e las t ic  p l u s  
p l a s t i c )  i s  equal  to the Her tz ian  e l a s t i c  value.  
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Figure 32 .  Deformed f i n i t e  element mesh showing displacements under a normal 
H e r t z i a n  pressure po = 2500 MPa and t h e  corresponding t r a c t i o n  w i t h  a 
c o e f f i c i e n t  o f  f r i c t i o n  v ~ 0 . 2 .  Displacements a r e  magnif ied 24x .  
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and 6 w high (where 2 w  i s  the contac t  w id th ) .  This  mesh i s  made t o  mimic 
a semi-inf i n i  t e  ha l f  space by appropr i a t e ly  d i sp lac ing  the boundaries f o r  
each loading  condi t i on .  Repeated r o l l i n g - s l i d i n g  is simula ted by t r a n s l a t i n g  
a Hertzian pressure  d i s t r i b u t i o n  and the appropr i a t e  su r face  t r a c t i o n s  ac ross  
the top of the mesh. A s teady  s ta te  i s  obtained a f t e r  only two t r a n s l a t i o n s ,  
hence only two t r a n s l a t i o n s  need to  be made. 
the adequacy of the mesh have been v e r i f i e d  p r e v i o ~ s l y ( 1 ~ ~ ~ ~ ) .  
a r e  performed us ing  the multipurpose f i n i t e  element package "ABAQUS" and 
consume, t y p i c a l l y ,  2.10 cpu hrs  on a VAX 8800. 
This  and o the r  f e a t u r e s  including 
The ca l cu la t ions  
The c a l c u l a t i o n s  employed ELKP behavior and material p rope r t i e s  f o r  440C 
steel  derived from the measurements i n  Sect ion 3. Effects of sur face  heat ing 
on t h e  ELKP parameters were neg lec t ed .  Three r o l l i n g  condi t ions  were examined: 
Case 1. R o l l i n g - w i t h - ( f u l 1 ) s l i d i n g  under a peak Hertzian pressure po = 2 . 5  GPa 
and a c o e f f i c i e n t  of f r i c t i o n  U =  0.2. 
Same a s  Case 1 wi th  the value of UK reduced by 8% to r e f l e c t  
so f t en ing  due t o  rim hea t ing  . 
Same a s  Case 1 with an e l eva ted  peak Hertzian pressure  of po = 
3.64 GPa and a c o e f f i c i e n t  of f r i c t i o n  u =  0.2. 
Case 2 .  
Case 3. 
The m a t e r i a l  parameters a r e  u s e d  i n  the a n a l y s i s  and the r o l l i n g  condi t ions 
s imulated by the  model f o r  each  of the th ree  cases are summarized i n  Tables  3 
and 4. 
-50- 
TABLE 3 
MATERIAL PARAMETERS USED I N  FINITE ELEMENT ANALYSIS 
Young's Modulus, E (MPa) 
Poi s son ' s Ra t i o  , 
P l a s t i c  Modulus, M (GPa) 
Kinematic Y i e l d  S t ress ,  Uk (MPa) 
Kinema t i c  Shear Y i e l d  S t r e n g t h ,  kk (MPa) 
Case 1 Case 2 Case 3 
2.07 105 2.07 105 2.07 105 
0 .3  0.3 0.3 
188 188 188 
1050 962.3 1050 
606.2 555.6 606.2 
TABLE 4 
ROLLING CONDITIONS 
Radius of Half Space, R 1  
Radius of Rigid Contact 
Cyl inder ,  R2 (m) 
Hertz ian  Peak Pressure ,  po (GPa) 
Her tz ian  Contact  W i d t h ,  2w (mm) 
R a t i o  of Tangent ia l  t o  Normal 
Force, T/N 
C o e f f i c i e n t  of F r i c t i o n ,  p 
Rat io  of Hertzian Peak Pressure  
' t o  Kinematic Shear Yield 
S t r e n g t h ,  Po /kk 
0.05 0.05 0.05 
2.500 2.500 3 . 6 4  
2.2 2.2 3.18 
0.2 0.2 0.2 
0.2 0.2 0.2 
4.124 4 .s 6.0 
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6 . 3  Resul t s  
The appearance of the mesh a f t e r  the f i r s t  and second contac t  a t  Polkk  
= 6 i s  i l l u s t r a t e d  i n  Figure 3 3 .  Note t h a t  the displacements a r e  magnified 
820X to make them r e a d i l y  v i s i b l e .  A t  t h i s  magnif icat ion a s u b s t a n t i a l  amount , 
of deformation i s  v i s i b l e  a f t e r  the f i r s t  con tac t  bu t  t he re  are v i r t u a l l y  no 
f u r t h e r  changes in  the displacements  a f t e r  the second con tac t .  The implicat ion 
I s  t h a t  the p l a s t i c i t y  i s  n o t  reversed  dur ing  the  f i r s t  c o n t a c t ,  bu t  i s  f u l l y  
reversed during the second and subsequent c o n t a c t s  as a result of kinematic 
hardening. T h i s  i s  confirmed by the stress-s t r a i n  h i s t o r i e s  experienced by 
the m a t e r i a l  a s  shown in  Figure 34. 
The magnitude of the cont inuing  c y c l i c  p l a s t i c i t y  experienced during the 
second and s u b s e q u e n t  c o n t a c t s  is i l l u s t r a t e d  I n  F igures  35-37 .  These show 
the v a r i a t i o n s  wi th  depth below t h e  sur face  of AcP, the  r ad ia l  p l a s t i c  
s t r a i n  range,  and ATP the equ iva len t  s t r a i n  range, which peak a t  a r e l a t i v e  
depth  of y/w . 0 . 6 5 .  The magnitudes of the peak equ iva len t  s t r a i n  range 
0 . 0 0 0 5  s &‘(max) s 0.002 f o r  4 . 5  < Polkk < 6 ,  correspond w i t h  the values  of 
A@ f o r  which the ELKP p r o p e r t i e s  were eva lua ted  i n  Sec t ion  3. 
Y 
The c i r cumfe ren t i a l  and a x i a l  r e s i d u a l  s t r e s s e s  are descr ibed i n  F i g u r e s  
38 a n d  39. These a re  r e l a t e d  to  the n e t  amounts of p l a s t i c  deformation 
produced during the f i r s t  con tac t .  The peak compressive v a l u e s ,  20 MPa 5 
o max s 35 MPa a r e  q u i t e  modest. The small c i r cumfe ren t i a l  t e n s i l e  r e s idua l  
stress va lues  obtained c l o s e  t o  the su r face  a t  the h ighes t  con tac t  pressura;  
are  n o t  observed i n  the  absence of shea r  t r a c t i o n s .  They are i n t e r e s t i n g  
because they produce a f l u c t u a t i n g  t e n s i l e  s t ress ,  and Mode I dr iv ing  force 
f o r  r a d i a l  c r acks ,  bu t  appear to  be too small :  ax(max) = 17 MPa t o  enforce  
c y c l i c  c rack  growth. 
3 5 ,  3 6 ,  38 and 3 9 )  w i t h  the same ELKP prope r t i e s  show t h a t  the shear t r a c t i o n s  
R 
R 
Comparisons w i t h  resul ts  f o r  p u r e  r o l l i n g  ( see  Figures  
- 5 2 -  
(a>  After  I Contact  
(b) After  I1 Contacts 
Figure 3 3 .  Deformed mesh f o r  Case  3 :  po/kk = 6.0 ,  a f t e r  the load is removed. 
Displacements are magnified 820X.  
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e . ? -  
Figure 3 4 .  The s t r e s s - s t r a i n  history produced a t  a depth of y = 0 . 4 ~  for 
the f i r s t  and second contacts,  derived from the model for  
3 d i f f e r e n t  r e l a t i v e  pressures: (a )  po/kk = 4.124, (b) po/kk = 
4.5, and ( c )  po/kk = 6.0. 
u 
‘ e -  
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Figure 35. Variation of the radial  p l a s t i c  r tra in  range, A$, w i t h  
normalized depth.  
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Figure 3 7 .  Variation of peak values of A3 and A 5 p with  Polkk. 
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normalized depth. 
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depth. 
Variation of the normalized a x i a l  residual s t r e s s  with normalized 
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have h a r d l y  any e f f e c t  on e i t h e r  the p l a s t i c  s t r a i n  ranges o r  the r e s i d u a l  
s t r e s s e s .  T h i s  is n o t  found to be the case f o r  EPP-behavior which l eads  to  
much l a r g e r  s t r a i n s  and s t r e s s e s  in  the presence of shear t r a c t i o n s . ( 2 0 )  
Table 5 I l l u s t r a t e s  the v a r i a t i o n  of U i ,  the  p las t ica l ly  d i s s i p a t e d  
energy per u n i t  t r a n s l a t i o n  of a u n i t  l eng th  of l i n e  con tac t ,  wi th normalized 
depth.  
d i s s i p a t e d  i n  the  p l a s t i c  zone during con tac t ,  most of which i s  converted t o  
heat .  These values  a r e  from 3% t o  15% of the energy d i s s i p a t i o n  of f r i c t i o n * ,  
U f ,  f o r  S = 2% s l i p .  While the a d i a b a t i c  temperature rise produced by the 
p l a s t i c  deformation is s i g n i f i c a n t ,  e . g . ,  0 . 6 O C  per  c o n t a c t ,  I t  i s  a small 
f r a c t i o n  of the r ise  produced by f r i c t i o n  a t  the running su r face .  The hea t  
generation rate U = 4 1 . 9  K J / m 2  corresponds to U = 51 .9  KW.** 
The averages of these va lues ,  Up , are the t o t a l  p l a s t i c  energy 
*The energy d i s s i p a t i o n  of f r i c t i o n  I s  Uf = O . ~ ~ w p o s  where s i s  the s l i p .  
**For an average ( i n n e r / o u t e r )  race  diameter of 6 5  mm and 13  b a l l s  r o t a t i n g  
a t  28,000 rpm with an e f f e c t i v e  c o n t a c t  e l l i p s e  dimension v = 1 mm. 
TABLE 5 
V A R I A T I O E ;  OF THE PLASTIC ENERGY DENSITY I N  367 pm 
LAYERS OF THE FINITE ELEMENT MODEL WITH RELATIVE DEPTH 
P l a s t i c  Energy, Ui  (MJ/m 3 1, Density Re la t ive  Depth, y/w 
Case 1 Case 2 Case 3 
0.167 
0.5 
0.833 
1.166 
1.667 
0.227 0.320 1.450 
3.283 0.602 0.874 
0.434 0.657 3.077 
0.217 0.326 2.185 
0.039 
0.039 
0.084 
0.084 
0.723 
0.723 
2.334 0 0 0.168 
0.168 
2.867 0 0 0.009 
0.009 
3.0 
4 .O 
5.33 
0 
0 
0 
1.56 3.87 11.8 
0.476 1.18 5.41 P 
T ,oC/contac t 0.08 0.18 0.60 
17.3 17.3 36.5 
Ui , M J / m  3 
U ,KJ/m 2 
2 Uf ,KJ/m 
U,KJ/m2 17.8 18.5 41.9 
Ui - P l a s t i c  energy dens i ty  i n  a layer  
Up - P l a s t i c  energy d i s s i p a t e d  pe r  u n i t  of c o n t a c t  t r a n s l a t i o n  p e r  u n i t  
thickness:  Up = yo Z U t / " ,  where yo is the t o t a l  depth of p l a s t i c  
zone and n i s  the number of l a y e r s  composing it. 
Uf - Energy d i s s i p a t e d  by f r i c t i o n  a t  the su r face  per u n i t  of con tac t  
t r a n s l a t i o n  pe r  u n i t  th ickness :  Uf = 0.5 pwpos,  where 2w is the contac t  
w i d t h ,  po is the peak p res su re ,  u = 0.2 is the c o e f f i c i e n t  of f r i c t i o n  
and s = 0.02 is the s l i p .  
th ickness :  U = U p  + U f .  
U j -  T o t a l  energy d i s s i p a t e d  a s  h e a t  per u n i t  con tac t  t r a n s l a t i o n  p e r  u n i t  
7 - Adiabat ic  temperature r i s e  p l a s t i c  zone a r i s i n g  from P l a s t i c  
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7 .  FINITE ELEMENT MODEL OF FRICTLOliAL H E A T I N G  UNDER 
ROLLING AND SLIDING COXTACT 
7 . 1  In t roduct ion  
Poorly l u b r i c a t e d  bear ings exposed t o  r o l l i n g  a n d  s l i d i n g  contac t  under 
load may a l s o  be s u b j e c t  to high temperatures and thermal stresses a r i s i n g  
from the f r i c t i o n a l  hea t ing .  The bulk of the l i t e r a t u r e  i n  t h i s  a r ea  dea l s  
w i t h  t h e o r e t i c a l  thermo-elast ic  treatrnents[22-351. Mow and Chen[36] obtained 
an a n l a y t i c a l  so lu t ion  to the s t r e s s e s  induced by an  a rb i t r a r i l y  d i s t r i b u t e d ,  
f a s t  moving hea t  source on a convect ive e l a s t i c - h a l f  plane.  There a r e  a few 
e l a s t i c  and e l a s t i c - p l a s t i c  f i n i t e  element ana lyses ,  bu t  they a r e  concerned 
w i t h  the e f f e c t s  o f  thermal and thermal-mechanical loading f o r  a r a i l  wheel i n  
reg ions  f a r  removed from the con tac t [  37-401. Theore t i ca l  and experimental  
work has  been done to  s t u d y  the reduct ion  in bear ing  s e r v i c e  l i f e  due t o  
l o c a l i z e d  overheat ing observed f o r  HP3TP bearings used  i n  the Space Shu t t l e  
Main Engine[42$431.  A more r e c e n t ,  e l a s t i c - p l a s t i c ,  thermomechanical model 
of tk region near a shallow weld i n  a thick p l a t e  developed by N e ~ m a n [ ~ ~ ]  
r e f l e c t s  the growing s o p h i s t i c a t i o n  of the ana lyses .  The main l i m i t a t i o n  of 
these models in  dea l ing  w i t h  the non-stat ionary temperature f i e l d  is t h a t  
only the e f f e c t  of thermal loading  is considered.  Hence, t he re  is a need for 
- 
coupled tempera ture-displacement a n a l y s i s  of r o l l i n g  and s l i d i n g  contac t  i n  
o rde r  to dea l  with the problem more accu ra t e ly .  This  s e c t i o n  descr ibes  
pre l iminary  s t eps  towards a coupled tempera ture-displacement f i n i t e  element 
a n a l y s i s  of r o l l i n g  and s l i d i n g .  The i n t e n t  of the s t u d y  was to  determine 
whether the thermal stresses a r e  l a r g e  enough to  a f f e c t  the l o c a l  stress 
s ta te  produced by e l a s t i c  p l a s t i c  con tac t .  
t h a t  r a d i c a l l y  a l t e r  the r e s i d u a l  stress s ta te  f o r  l a r g e  h e a t  f l uxes .  
The results show l a r g e  e f f e c t s  
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7 . 2  Descr ipt ion of the Model 
A f i n i t e  s ized  mesh wi th  appropr i a t e  boundary condi t ions  has been used 
t o  perform a coupled temperature displacement e l a s t i c - p l a s t i c  f i n i t e  element 
a n a l y s i s  of a long ,  s t a t i o n a r y ,  heat-generat ing Hertzian cy l inde r  indent ing  a 
semi- inf in i te  ha l f  plane.  A l l  the hea t  generated In  the cy l inde r  is assumed 
to be conducted i n t o  the semi- inf in i te  ha l f  plane.  The model approximates 
the s teady  s t a t e  temperature d i s t r i b u t i o n  produced by a r a p i d l y  r o t a t i n g  hea t  
source,  and the stresses and deformations d i r e c t l y  under the con tac t .  However, 
i t  sheds no l i g h t  on the c y c l i c  temperature,  thermal and appl ied  s t ress  
f l u c t u a t i o n s  produced by a moving contac t .  A 3-dimensional model of con tac t  
t h a t  can t r e a t  a s p e c t s  of the moving con tac t  problem i s  being developed 
s e p a r a t e l y .  
The f i n i t e  element mesh (F igures  40 and 41) i s  made u p  of 8 noded plane- 
s t r a i n  e lements  ( b i q u a d r a t i c  i n  displacement and l i n e a r  i n  temperature) .  
Taking advantage of symmetry, x-displacements a long s i d e  BC a r e  cons t r a i n e d ,  
s i d e s  AD and DC a r e  maintained a t  OC. For the purpose of c a l c u l a t i n g  the 
displacements  a long  s i d e s  A D  and DC, the s e m i - e l l i p t i c a l  Hertzian d i s t r i b u t i o n  
i s  r ep resen ted  by 100 concent ra ted  normal fo rces  indent ing  an  e l a s t i c  ha l f  
p lane .  The e f f e c t  of shear  t r a c t i o n s  i s  represented  by the hea t  f l u x e s ,  b u t  
t h e i r  mechanical e f f e c t  has  n o t  been included. The displacements  a t  the 
nodes a long  AD and DC are calculated f o r  each of the concentrated fo rces  and 
then superposed. Nonunlformly-dis t r i bu ted  mechanical and thermal loading  i s  
app l i ed  over a ha l f  c o n t a c t  width,  w ,  on s i d e  AB s t a r t i n g  from po in t  B. The 
remainder of s ide A B  i s  assumed to  be convect ive.  
Ca lcu la t ions  a r e  performed f o r  a Polk = 4.0, (where po i s  the peak 
pressure  and k = a,/ 3 ,  i s  the c y c l i c  shear  r e s i s t a n c e ) ,  thermal conduct iv i ty ,  
K = 60 w / m  OK, a uniform f i lm  c o e f f i c i e n t ,  h = 500 w/m-OK, Young's modulus, 
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A B 
f 
.I 
C 
Figure 40 .  
a n a l y s i s .  The contact  ha l f  width w = 0 . 6  mm. 
Fin i te  element mesh used in the coupled tempera ture-displacement 
. 
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B 7  
F -  L 
Figure 41 .  Detailed mesh Inside the region BEF (refer to Figure 40). 
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E = 207 GPa, Poisson'  ra i o ,  P = 0.3 ,  and a temperature inde, ndent y i e l d  
I stress, u0 = 393.98 MPa. The f i l m  c o e f f i c i e n t  was selected to give a peak 
temperature of about  1000°C a t  the h ighes t  hea t  f l u x  c o n s i s t e n t  w i t h  exper i -  
mental ev idence(2) .  
Figure 42. 
p e r f e c t l y  p l a s t i c  model. Nine c a l c u l a t i o n s  were made, one of t h e m  being a 
p u r e  displacement a n a l y s i s  and the r e s t  being coupled tempera ture-displacemen t 
ana lyses  ( see  Table 6 ) .  D i f f e ren t  va lues  of h e a t  flow were considered f o r  
the coupled c a l c u l a t i o n s  and s teady  s ta te  cond i t ions  were assumed to e x i s t .  
The hea t  f l u x  ( 9 )  and the  Her tz ian  ( c o n t a c t )  pressure d i s t r i b u t i o n  ( p )  a r e  
given by the fol lowing express ions :  
The ca l cu la t ed  temperature g rad ien t  is  i l l u s t r a t e d  i n  
The abso lu te  va lue  of uo has l i t t l e  s ign i f i cance  for the e l a s t i c -  
2 where: po = peak p res su re ,  N / m  
li = c o e f f i c i e n t  of f r i c t i o n  
V = r o l l i n g  v e l o c i t y ,  m/a 
w = ha l f  c o n t a c t  width; w = 0.6 mm. 
Ca lcu la t ions  were performed f o r  the range of heat f luxes  shown in  Table 6 .  
The h ighes t  va lue  corresponds c l o s e l y  with the va lues  of 
f o r  HPOTP b e a r i n g s ( l , * ) .  
avoid convergence problems. The f i n i t e  element modeling was done on the 
multipurpose f i n i t e  element package "ABAQUS" on a VAX 8800 computer. 
CPU time f o r  a c a l c u l a t i o n  was found t o  be 30 minutes.  
105 K W / m 2  reported 
The model was loaded and unloaded i n  increments to  
T y p i c a l  
1 fnP. 
t .  0. VRLUE 
1 * 5 . 0 0 E * U 2  
2 * 5 .  77E.02 
3 * t . S 5 E * U 2  
4 *7.33E*U2 
6 * 6 . 6 d E * 0 2  
7 *9 . tEE-O2  
8 *1 .04E-03  
9 *1. 12E.03 
10 * 1 . 2 0 E * 0 3  
5’ *8 .  A 1 E * u 2  
Figure 4 2 .  Temperature contours for a heat  flux Input of 8.6 x l o 4  KW/m*. 
-67- 
TABLE 6 
H E A T  FLUX I N P U T S  USED I N  THE ANALYSIS  I D E N T I F I E D  
BY NUMBERS I N  F I G U R E S  1 2  THROUGH 28 
A n a l  y s i s Iden t I f ie r Heat  Flux  kw/m2 
1 
2 
3 A  
3 
3B 
- 
8.6 x lo4 
5.7 x 104 
4.3 x 104 
2.9 104 
2.1 104 
4 1.4 104 
5 0.6 x 104 
6 0 .3  104 
S 0 
- 
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7.3  Resu l t s  
A s  mentioned e a r l i e r ,  e i g h t  d i f f e r e n t  hea t  input  values  were used i n  the 
coupled temperature displacement ana lyses ,  Results a r e  presented f o r  the 
loaded was well as  the r e s i d u a l  s t a t e  f o r  each case analyzed.  The stresses 
a re  normalized w i t h  r e spec t  to K ,  the s t r a i n s  w i t h  respect to  K / G  and the 
depth with r e s p e c t  to  w. 
Figures  4 3  and 44  show the normalized r e s i d u a l  a x i a l  stress f o r  the 
va r ious  cases ,  and Figures  45 and 46 present  the normalized r e s i d u a l  circum- 
f e r e n t i a l  s t r e s s .  The presence of thermal loading does seem t o  have an e f f e c t  
on the r e s i d u a l  s t r e s s  s t a t e ,  when the hea t  r a t e  input  exceeds 1 . 6 7  x l o4  KW/m2 
f o r  the parameters used he re .  
For the p u r e  mechanical loading case ,  the r e s i d u a l  a x i a l  s t r e s s e s  compare 
well ( q u a l i t a t i v e l y )  with those found i n  e x i s t i n g  l I t e r a t ~ r e [ ~ ~ , ~ ~ ] .  
the h e a t  i n p u t  is low, the  r e s i d u a l  stress d i s t r i b u t i o n s  do n o t  change qua l i -  
t a t i v e l y  but  a s l i g h t  change i s  observed q u a n t i t a t i v e l y .  However, f o r  hea t  
f l u x  values  exceeding 1.67 x l o4  KW/m2,  d r a s t i c  changes are observed i n  the 
r e s i d u a l  a x i a l  and c i r cumfe ren t i a l  s t r e s s e s ,  q u a l i t a t i v e l y  a s  wel l  a s  quant i -  
t a t i v e l y .  In  the p re sen t  ana lyses ,  f o r  the pure mechanical loading case ,  the 
r e s i d u a l  c i r cumfe ren t i a l  s t r e s s  a t t a i n s  a high compress1,ve va lue  a t  a d e p t h  
of 0.65 w below the  s u r f a c e  and then tapers o f f  t o  a low t e n s i l e  value.  On 
the o t h e r  hand the  a x i a l  stress f i r s t  becomes t e n s i l e  then,  with depth ,  
r e v e r s e s  to a t t a i n  a h igh  compressive valuk and then tapers of;’. With the 
a d d i t i o n  of h e a t  i npu t ,  the r e s i d u a l  a x i a l  and c i r cumfe ren t i a l  stresses 
change cha rac t e r  and f o r  h igh  h e a t  ra tes ,  they become t o t a l l y  t e n s i l e .  For 
the parameters considered he re ,  the a x i a l  stress becomes t e n s i l e  f o r  h e a t  
t r a n s f e r  flow values  above 5.83 x lo4  KW/rn2 whereas the Circumferent ia l  s t ress  
becomes t r e n s i l e  f o r  a h e a t  f l u x  value exceeding 1.33 x lo4  KW/m2. 
When 
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Figure 4 3 .  
normalized depth for d i f f erent  heat Inputs ( s e e  Table 6 ) .  
Variation of the normalized res idual  a x i a l  s t r e s s ,  SXR, with 
-7  0- 
D sx3m 
0 S X 4 R  
A SX5R 
+ SX6R 
x SXSR 
Figure 4 4 .  
normalized depth for  d i f f e r e n t  heat  inputs ( s e e  Table 6 ) .  
Variation of  the normalized res idua l  axial stress, SXR, with 
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Figure 4 5 .  Variation of the normalized res idual  circumferential I t r e s s ,  SZR, 
with normalized depth for d i f f e r e n t  heat inputs ( s e e  Table 6 ) .  
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x SZSR 
Figure 46 .  
with normalized depth for d i f f erent  heat  inputs ( s e e  Table 6 ) .  
Variation of the normalized res idual  circumferential s t r e s s ,  SZR, 
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For a hea t  f l u x  i n p u t  of 8 .6  x lo4 KW/m2, both the a x i a l  and c i r cumfe ren t i a l  
r e s i d u a l  s t r e s s e s  a r e  found t o  be e n t i r e l y  t e n s i l e .  Figures  47 and 48 p l o t  
the normalized r e s i d u a l  r a d i a l  and shear  s t r e s s e s  a g a i n s t  normalized depth.  
As expected, thermal loading has no e f f e c t  on these r e s idua l  s t r e s s e s .  
Figures  49 ,  50 and 51 show the r e s i d u a l  s t r e s s e s  f o r  a hea t  f l u x  input  of 8 . 6  
x lo4 KW/m2, f o r  a hea t  f l u x  Input  of 2.14 x lo4 K W / d  and f o r  zero heat  f l u x  
i n p u t ,  r e spec t ive ly .  Figures  5 2 ,  5 3 ,  54 and 55 show the stress d i s t r i b u t i o n  
f o r  the  loaded condi t ions .  All the above f i g u r e s  i n d i c a t e  t h a t  f o r  combined 
mechanical thermal loading ,  the most s i g n i f i c a n t  e f f e c t  of the hea t  input  i s  
on the c i r cumfe ren t i a l  s t ress .  The thermal inpu t  a l s o  e f f e c t s  the r e s i d u a l  
s t r a i n s  (F igures  5 6 ,  5 7 ,  58 and 59) a n d  displacements (F igures  6 0 ,  6 1 ,  6 2 ,  6 3 ,  
6 4 ,  and 6 5 ) .  
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RESIDUAL R A D I A L  STRESS (SIGUAYR) 
D S Y I R  
G S ' i m  
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Figure 4 7 .  
normalized depth for d i f f erent  heat inputs (see Table 6 ) .  
Variation of the normalized residual radia l  stress, S Y R ,  w i t h  
~ 
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RESIDUAL SHEAR STRESS (TAUXYR) 
I 8.6 
L---- 
e .  53 e .  c99 I .47 1 . 9 4  2.42 
4-- 1  8 B. 04 
DEIPTH / A 
Figure 48 .  Variation of the normalized residual shear s t r e s s ,  SXYR, w i t h  
normalized depth for d i f f e r e n t  heat inputs ( s e e  Table 6 ) .  
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Figure 4 9 .  Variation of the normalized residual  s t r e s s e s ,  SIR,  with normalized 
depth for  a heat f l u x  Input of 8 . 6  x lo4 KW/m2 ( see  Table 6 ) .  
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RESIDUAL STRESS / K VS. DEPTH / A 
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Figure 50. Variation of the normalized residual s t r e s s e s ,  S3BR, w i t h  normalized 
depth f o r  a heat f l u x  input of 2 . 1 4  x lo4 KW/m2 ( s e e  Table 6 ) .  
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Figure 5 1 .  
depth f o r  zero heat f l u x  input ( s e e  Table 6 ) .  
Variation of the normalized res idual  s t r e s s e s ,  SSR, with normalized 
L' 
\ 
- - L. . 
- L .  
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Figure 5 2 .  Variation of the normalized circumferential s t r e s s ,  SLZ, w i t h  
normalized depth for d i f f e r e n t  heat inputs ( see  Table 6 ) .  
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Figure 5 3 .  Variation of the normalized circumferential stress, SLZ, with 
normalized depth  for d i f f e r e n t  heat inputs ( see  Table 6 ) .  
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Figure 5 4 .  
d e p t h  for d i f f erent  heat inputs (see Table 6 ) .  
Variation of the normalized a x i a l  s t r e s s ,  SLX, w i t h  normalized 
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Figure 5 5 .  
depth f o r  d i f f e r e n t  heat inputs ( s e e  Table 6 ) .  
Variation of the normalized a x i a l  stress SLX, with normalized 
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W X R  VS. DEPTkl / A 
Figure 5 6 .  
normalized depth for d i f f erent  heat inputs ( s e e  Table 6 ) .  
Variation of the normalized residual  a x i a l  s t r a i n ,  EPXR, w i t h  
EPXR VS. DEFTH / A 
A . € -  
f: 
6 *  'i 
Figure 5 7 .  
normalized depth for d i f f erent  heat inputs  ( s e e  Table 6 ) .  
Variation of the normalized residual a x i a l  s t ra in ,  EPXR, W i t h  
-85- 
- e .  
i 5: I 
r: 
I 
l 
7 
- 5 .E- 
X 
Figure 5 8 .  
normalized depth for  d i f f e r e n t  heat Inputs ( see  Table 6 ) .  
Variation of the normalized residual radia l  s t r a i n s ,  EPYR, with 
... 
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Figure 5 9 .  Variation of the normalized residual radia l  strains, E P Y R ,  w i t h  
normalized depth f o r  d i f f e r e n t  heat Inputs ( see  Table 6 ) .  
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Figure 60.  
KW/m* ( s e e  Table 6 : .  
mesh. Mag. factor = 0.62. 
Displaced mesh (under load) f o r  a heat f l u x  input of.8I.6 l o 4  
Sol id  l i n e s  - displaced mesh, dashed l i n e s  - original 
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Figure 61. 
8 . 6  x lo4 KW/m2 ( s e e  Table 6 ) .  
o r i g i n a l  mesh. Mag. fac tor  = 26 .0 .  
Displaced mesh (res idual  s t a t e )  for  a heat f l u x  input of 
Sol id  l i n e s  - displaced mesh, dashed l i n e s  - 
Figure 6 2 .  
KW/m2 ( s ee  Table 6 ) .  
mesh. Mag. factor = 2.00. 
Displaced mesh (under load) for a heat f lux  input of 2 . 9  x 104 
Solid l i n e s  - displaced mesh, dashed l i n e s  - orig inal  
Fi ure 6 3 .  
mesh. Hag. factor  = 280.  
Displaced mesh (res idual  s t s t e )  f o r  a heat f l u x  input of 2 . 9  x 
10 8 KW/m2 ( s e e  Table 6 ) .  So l id  l i n e s  - displaced mesh, dashed l i n e s  - o r i g i n a l  
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. Figure 6 4 .  
KW/m2 ( s e e  Table 6). 
mesh. Mag. fac tor  = 5 1 . 0 .  
Displaced mesh (under load) for a heat f lux  input of 0 . 3  x 104 
Sol id  l i n e s  - displaced mesh, dashed l i n e s  - or ig ina l  
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F i  ure 6 5 .  
10 KU/m2 ( see  Table6 1. 
mesh. Hag. factor - 380. 
Displaced mesh (res idual  s t a t e )  for  a heat f l u x  input of 0 . 3  x f Sol id  l i n e s  - displaced mesh, dashed l i n e s  - original 
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8.  D I S C U S S I O N  
8.1 Cycl ic  Flow P r o p e r t i e s  of 440C S t e e l  
The measurements r epor t ed  here  r e v e a l  t h a t  the e las t i c - l inear -k inemt ic -  
hardening p l a s t i c  (ELKP) r ep resen ta t ion  o f f e r s  a good desc r ip t ion  of the 
c y c l i c  s t r e s s - s t r a i n  behavior of 4 4 0 C  s teel  a t  room temperature and f o r  the 
r e l a t i v e l y  long deformation t imes,  i . e . ,  2s and the low s t r a i n  ra tes ,  i . e . ,  
I t  should a l s o  be c l e a r  10-3s-1, employed i n  the c y c l i c  t o r s ion  tests. 
t h a t  the va lues  of O K  and M app ropr i a t e  for r o l l i n g  con tac t  s e r v i c e  condi t ions ,  
which encompass a w i d e  range of t enpe ra tu res (1 ,2 )  and much s h o r t e r  deformation 
times, i . e . ,  may be s u b s t a n t i a l l y  d i f f e r e n t  from the values  used i n  
the present  c a l c u l a t i o n s .  
The to r s ion  tes t s  show t h a t  the 440C s tee l  undergoes s i g n i f i c a n t  c y c l i c  
hardening,  amounting to  a 50% inc rease  of U K  i n  the f i r s t  N = 600 cyc les .  
The hardening is a t t r i b u t e d  t o  the cyc l ic -s t ra in- induced- t ransform t ion  of 
r e t a ined  aus t e n i  t e .  The prema ture f a i l u r e  of the to r s ion  tes t pieces  prevents  
the measurement of UK and M f o r  t h e  much l a r g e r  number of c o n t a c t s  encountered 
i n  s e r v i c e .  However, i t  is poss ib le  that the t ransformat ion  proceeds more 
r ap id ly  i n  the to r s ion  tes t  than under the compressively loaded con tac t  s ince  
i t  produces a volume expansion. Consequently, i t  is no t  c l e a r  whether the 
ELKP-properties der ived  from s h o r t  l i v e d  to r s ion  tests apply to  equal ly  small  
or much l a r g e r  numbers of r o l l i n g  c o n t a c t s .  T h i s  Issue deserves  to be examined 
more c l o s e l y  s i n c e  i t  a f f e c t s  the i n t e r p r e t a t i o n  of the t o r s i o n  tes t  results. 
I t  I s  poss ib l e  t ha t  the r e l a t i v e l y  s h o r t  c y c l i c  l i v e s  encountered i n  c y c l i c  
torsion - l o4  times s h o r t e r  than under r o l l i n g  c o n t a c t s  producing similar 
s t r a i n  ampli tudes - a r e  related t o  the absence of the high hydros t a t i c  
pressures produced by r o l l i n g  c o n t a c t .  
. 
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The near  end o f  l i f e  va lues  of the ELKP mate r i a l  parameters of  440C 
s t e e l :  OK = 606 MPa, and M = 188 GPa a r e  s i m i l a r  to  those obtained fo r  o the r  
hardened bear ing s t e e l s ( ’ ) .  They a r e  regarded a s  the b e s t  es t imate  of the 
c y c l i c  s t r e n g t h  p r o p e r t i e s  that  govern the mechanical response to repeated 
r o l l i n g - s l i d i n g  c o n t a c t  a t  room tempertaure. 
8 . 2  Cycl ic  Crack Growth 
The f a i l u r e  to  produce s t a b l e ,  Mode I1 and Mode 111 c y c l i c  crack growth 
i n  the hardened 440C t o r s ion  test  pieces is a t t r i b u t e d  t o  a r e l a t i v e l y  low 
Mode I r e s i s t a n c e .  T h i s  makes i t  e a s i e r  f o r  the crack to  extend i n  Mode I 
i n  s p i t e  of the l e s s  i n t ense  Mode I stress s ta te .  The f a c t  t h a t  Mode II/Mode 
:-I ,&I1 growth was obta ined  i n  the same sample and f o r  the same loading i n  a 
s o f t e r  4140 t e s t  p i ece ,  i n d i c a t e s  t h a t  the Mode I r e s i s t a n c e  may degrade more 
wi th  hardening than e i t h e r  the  Mode I1 or Mode 111. A l t e r n a t i v e l y ,  re ta ined  
a u s t e n i t e  decomposition a t  the  t i p  of the crack i d e n t i f i e d  e a r l i e r  w i t h  c y c l i c  
hardening,  and accompanying r e s i d u a l  compression stresses, may i n t e r f e r e  more 
w i t h  Mode II/III growth than w i t h  Mode I .  T h i s  problem requires f u r t h e r  work. 
-.- 
8.3 Rolling Contact  S tudies  
The process  of s p a l l  formation proposed here is very s i m i l a r  to the 
process  observed by Shao e t  a 1 . ( l 2 )  and i l l u s t r a t e d  i n  F igure  66. 
obse rva t ions  i n d i c a t e  that  the increase  i n  l i f e  obtained wi th  the copper 
coato-d samples is  a s s o c i a t e d  w i t h  a s h i f t  d e f e c t  a s s i s t e d  from surface-to- 
s u b s u r f a c e - i n i t i a t i o n .  The s e n s i t i v i t y  of bear ing  l i f e  to  su r face  imperfections 
has been emphasized before(49) .  
samples possessed b e t t e r  q u a l i t y  su r faces  t o  begin wi th  or whether the copper 
coa t ing  rendered the su r face  d e f e c t s  less  harmful. Other ques t ions  about  the 
The 
I t  i s  n o t  c lear  whether the copper coated 
s p a l l  p rocess  remain unanswered. The i d e n t i t y  and l o c a t i o n  of the subsurface 
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4 
i n i t i a t i o n  s i t e s  a r e  unc lear  i n  t h i s  case .  The condi t ions  f o r  crack i n i t i a t i o n ,  
the l i f e  remaining a f t e r  i n i t i a t i o n  and the e f f e c t s  of the s t eep  temperature 
and s t r e n g t h  g r a d i e n t s  a r i s i n g  from sur face  hea t ing  are  not  understood. 
8.4 F i n i t e  Element Analyses 
The f i n i t e  element ana lyses  r evea l  that the hardened 440C steel  ELKP 
m a t e r i a l  p r o p e r t i e s  g r e a t l y  reduce the p l a s t i c  s t r a i n s  generated by r o l l i n g -  
p lus - s l id ing  c o n t a c t .  The peak, half equ iva len t  s t r a i n  range obtained here: 
@ / 2  = 0.00025 ( f o r  Po/kk = 4.5, T / N  = 0.2, 
the va lue :  ASP/2  = 0.0032 repor ted  by H a m  e t  a1 . (20)  f o r  e l a s t i c - p e r f e c t l y -  
p l a s t i c  (EPP) behavior f o r  the same con tac t  cond i t ion .  The r e l a t i v e l y  l a r g e  
r a d i a l  p l a s t i c  s t r a i n  range,  repor ted  by Ham e t  a l .  a t  the su r face :  
A C E  = 0.0022, i s  absen t  f o r  ELKP behavior .  
flow of Ah = 20 pm/contact displayed by the  EPP model i s  completely absen t  
i n  the p re sen t  ca se .  The l a r g e  changes a r e  a t t r i b u t e d  t o  the u n i d i r e c t i o n a l  
c h a r a c t e r  of the s t r a i n s  produced by s l i d i n g  which i s  obvia ted  by kinematic 
hardening and by the l a r g e  value of the p l a s t i c  modulus. Thus, the resul ts  
f o r  r o l l i n g - p l u s - s l i d i n g  a r e  c l o s e  t o  those f o r  pure r o l l i n g  f o r  kinematic 
hardening. The c a l c u l a t i o n s  assume t h a t  the material r e t a i n s  i t s  kinematic 
character i n  the presence of l a r g e  mean s t r e s s e s  -- a p o i n t  t h a t  requires 
f u r t h e r  s t u d y .  
ELKP-behavior has  been conf l raed  f o r  pure r o l l i n g .  
arises from the f a c t  t h a t  the r e s i d u a l  stresses are determined by the f i r s t  
one o r  two c o n t a c t s  and depend on the  shape of the h y s t e r e s i s  loop a t  the 
o n s e t  of cyc l ing  when the material p rogres s ive ly  hardens.  
here  probably unde r s t a t e  the a c t u a l  values  s ince  they are derived from the 
end-of - l i fe  ELKP p r o p e r t i e s .  T h i s  i s sue  i s  discussed more f u l l y  i n  Reference 7 .  
= 0.21, is l e s s  than 1/10 
The l a r g e  cont inuing  forward 
I t  should be noted that  the e l imina t ion  of forward flow by 
Another complication 
The values  obtained 
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The c y c l i c  s t r a i n  peaks a r e  obtained a t  r e l a t i v e  depths of yfw = 0.65  
which correspond w i t h  t h e  depths of spa11 i n i t i a t i o n  i n  2 cases(50). 
the c y c l i c  p l a s t i c  s t r a i n s  produced by con tac t  are  small  i n  the absolu te  
sense ,  they a r e  r e l a t i v e l y  l a rge  cons ider ing  that  comparable equ iva len t  s t r a i n  
ranges ,  0.0005 - < ASP12 - < 0.002, produce very s h o r t  c y c l i c  l i v e s ,  e . g . ,  
300 N 600 cyc le s  i n  c y c l i c  t o r s i o n .  The f a c t  that rims subjec ted  t o  the 
same c y c l i c  s t r a i n s  under con tac t  cond i t ions  surv ive  N = lo6  t o  N = lo7  
con tac t  cyc le s  (see Sec t ion  4 )  sugges ts  that c rack  i n i t i a t i o n  and growth are 
i n h i b i t e d  by the high h y d r o s t a t i c  pressures accompanying the con tac t .  The 
f i n i t e  element model descr ibed i n  Sec t ion  6 f a i l s  to  t rea t  two consequences of 
the high hea t  genera t ion  r a t e s  encountered i n  service: (1) high thermal 
s t r e s s e s  and ( 2 )  t h e  degrading of the cyclic s t r e n g t h  i n  the high temperature 
r eg ions .  These e f f e c t s  a r e  d e a l t  w i t h  i n  a pre l iminary  way by the s teady 
While 
s t a t e  f i n i t e  element model descr ibed i n  Sec t ion  7. However, the thermal 
effects  need to  be incorpora ted  i n t o  the t r a n s i e n t  model. 
F i n a l l y ,  i t  should be noted t h a t  2 deformed l a y e r s  a r e  produced by 
ro l l i ng -p lus - s l id ing  con tac t .  These a re  shown schematical ly  i n  Figure 6 7 .  
One involves  the macro c o n t a c t  w i d t h  and extends to  a d e p t h  2wm - lo3  p m ;  the 
o t h e r  involves  the a s p e r i t y  con tac t  width and ex tends  t o  a depth 2wa - 10 L m .  
S t r a i n s  w i l l  be more i n t e n s e  i n  the l a t t e r  case i f  the a s p e r i t y  peak pressure 
i s  g r e a t e r  than p o ,  the  macrovalue. 
i n  the mse of the 440C s tee l  where c racks  have been observed t o  i n i t i a t e  
very c l o s e  to  the rim su r face .  
The shallow a s p e r i t y  l a y e r  may be Important 
8.5 F i n i t e  Element Model of F r i c t i o n a l  Heating 
The tempera ture-displacemen t-coupled f i n i t e  element model of the 
f r i c t i o n a l l y  heated c o n t a c t  has many d e f i c i e n c i e s .  I t  i s  more properly viewed 
as a model of a s t a t i o n a r y ,  h e a t  gene ra t ing  indent .  However, the f ind ing  that 
-98- 
0 
w 
0 
0 
Residual C i  tcumferential Stress 
Figure 6 7 .  Schema t i c  representation of the contributions of the asperity and 
macro contact  to the res idual  s t r e s s  d i s t r ibut ion  i n  the rim. The quant i t i e s  
2wa and 2wm are  the asper i ty  and the macro contact widths, respect ive ly .  
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8 
very l a r g e  r e s i d u a l  t e n s i l e  s t r e s s e s :  
are  generated a t  the su r face  is undoubtedly v a l i d  €or  the t r a n s l a t i n g  con tac t  a s  
well .  The r e s i d u a l  t e n s i l e  s t r e s s e s  a r e  a consequence of the s t eep  temperature 
g rad ien t  and a t t e n d i n g  compressive thermal stresses under the con tac t  t h a t  
produce p l a s t i c  compression i n  the x- and z -d i r ec t ions .  On cool ing ,  e l a s t i c ,  
and poss ib ly  p l a s t i c ,  tension compensate f o r  the thermal con t r ac t ion .  The 
c y c l i c  superposi  t i on  of compression by t he  transla t i n g  con tac t  can then 
produce a f l u c t u a t i n g  tens ion  and p o t e n t i a l  Mode I crack  driving force  that 
a c c e l e r a t e  crack i n i t i a t i o n  and c y c l i c  crack growth. The e f fec ts  may be 
accentuated by the so f t en ing  of the material a t  the e l eva ted  temperatures.  
More r e a l i s t i c  c a l c u l a t i o n s  of t h i s  t ype  employing the t r a n s l a t i n g  f i n i t e  
element c o n t a c t  model o f  S e c t i o n  6 are  poss ib l e  and may be h e l p f u l  In s e t t i n g  
l i m i t s  on the a l lowable  l e v e l s  of hea t  genera t ion .  
o x  - 345 MPa and a Z  = 1200 MPa W 
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a 9. CONCLUSIONS 
( i )  The room temperature ,  c y c l i c  s t r e s s - s t r a i n  h y s t e r e s i s  loops of hardened 
440C s t e e l  subjec ted  to cons tan t  p l a s t i c  s t r a i n  a m p l i t u d e  c y c l i c  
t o r s ion  have been examined €or the p l a s t i c  s t r a i n  ampli tudes:  
0.0005 - < ASP/2  - c 0.002 produced by ro l l ing-p lus-s l id ing-contac t .  
c h a r a c t e r i s t i c s  and shapes of the loops are well represented  by the 
e las t ic - l inear -k inemat ic -hardening-p las t ic  (ELKP) i d e a l i z a t i o n .  
The 
( i t )  The 440C s t e e l  undergoes s u b s t a n t i a l  c y c l i c  hardening under these 
cond i t ions  and f r a c t u r e s  a f t e r  from N : 300 cyc les  t o  N : 600 cycles. 
The va lues  of the 3 ELKP m a t e r i a l  parameters that  desc r ibe  the  near  
end-of - l i fe  c y c l i c  stress-s t r a i n  behavior are:  ( a )  the  e l a s  t i c  tens ion  
modulus (E = 207 GPa), (b) the kinematic y i e l d  s t r e n g t h  O k  = 1050 MPa 
( o r  shear  y i e l d  s t r e n g t h  kk = Ck/ 3 ) ,  and the  p l a s t i c  modulus M = 
188 GPa. 
( i i i )  Elas  to-plas t i c  f i n i t e  element ana lyses  of repea ted  ro l l ing-p lus-  
s l i d i n g  c o n t a c t  have been performed f o r  the room temperature ELKP- 
properties of 440C s tee1 . The c a l c u l a t i o n s  t r e a  t Hertzian pressures  
i n  the range 2 . 5  GPa - < po - < 3.64 GPa and f u l l  s l i p  w i t h  a c o e f f i c i e n t  
of f r i c t i o n  LI = 0.2. The results show that the c o n t a c t s  produce peak 
c y c l i c  s t r a i n  ranges and r e s i d u a l  stresses of 0.00025 s 0.001 
and -20 MPa S uR S -35 MPa that  are s i m i l a r  to  the values  ca l cu la t ed  
for pure r o l l i n g ,  b u t  much smaller than the s t r a i n s  and stresses 
calculated f o r  ro l l i ng -p lus - s l id ing  w i t h  e l a s t i c - p e r f e c t l y - p l a s t i c  
(EPP) m a t e r i a l  behavior .  
P 
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( i v )  The a n a l y s i s  l o c a t e s  the peak s t r a i n  a c t i v i t y  a t  the r e l a t i v e  depth,  
B 
ylw = 0.65 ( 2 w  is the con tac t  w i d t h ) ,  where spa11 i n i t i a t i o n  has been 
observed. 
(v) In  the cases t r e a t e d ,  the energy d i s s i p a t e d  as hea t  by p las t ic  defor- 
mation is from 3% to  15% of the energy d i s s i p a t e d  a t  the  sur face  by 
f r i c t i o n .  
( v i )  A coupled, tempera ture-displacement,  elas to-plas t i c  f i n i t e  element 
a n a l y s i s  of the e f f e c t s  of f r i c t i o n a l  hea t ing  under the  con tac t  was 
performed. The c a l c u l a t i o n s  r evea l  t h a t  the l o c a l  hea t ing  produces 
high l e v e l s  of r e s i d u a l  tens ion:  
a f t e r  the c o n t a c t  is u n l o a d e d  and cooled.  The superpos i t ion  of 
0: : 350 MPa and I Y ~  : 1200 MPa 
compression by the t r a n s l a t i n g  con tac t  can then produce a f l u c t u a t i n g  
t ens ion  and Mode I c rack  d r i v i n g  force  t h a t  can promote crack i n i t i a t i o n  
r 
and crack  growth. 
( v i i )  The s p a l l s  generated i n  440C s t e e l  bear ing su r faces  i n  a 3 b a l l l r o d  
t e s t i n g  machine d i sp lay  the c l a s s i c a l ,  V-shaped, loose  f l a p  produced 
by a small  i n c l i n a t i o n ,  near  surface crack growing i n t o  the rim. 
( v i i i )  I t  appears t h a t  the  s p a l l s  observed i n  uncoated samples a r e  i n i t i a t e d  
a t  the sur face  by surface imperfect ions.  The spalls in  longer-l ived 
copper coated samples i n i t i a t e  below the sur face .  
(ix) The task  of measuring the Mode II/Mode I11 c y c l i c  crack growth 
r e s i s t a n c e  of hardened 440C steel  is complicated by a r e l a t i v e l y  low 
Hode I crack  growth r e s i s t a n c e .  Cracks from d e f e c t s  subjected to 
Mode IIIMode 111 i n  c y c l i c  t o r s ion  p r e f e r  to  extend i n  Mode I in s p i t e  
of t h e  low Mode I d r i v i n g  fo rce .  
i 
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